Purpose: To investigate and describe in detail the demographics, functional and anatomic characteristics, and clinical course of Leber congenital amaurosis (LCA) associated with mutations in the CEP290 gene (LCA-CEP290) in a large cohort of adults and children.
Leber congenital amaurosis (LCA) was first described by Theodore Leber in 1869 and refers to a heterogeneous group of retinal disorders with early-onset vision loss, nystagmus, and an extinguished electroretinogram (ERG). 1 Leber later described a separate group of milder disease phenotypes, with some preservation of the ERG responses (now referred to as "early-onset severe retinal dystrophy" [EOSRD] or "severe early childhood onset retinal dystrophy"). 2, 3 There is considerable clinical and genetic overlap between LCA and EOSRD/severe early childhood onset retinal dystrophy. Leber congenital amaurosis and EOSRD account for a significant proportion of blindness in children worldwide, 4e6 with an annual estimated incidence of 1 in 30 000 newborns. 7 In the United Kingdom, 14% of children with newly diagnosed blindness have LCA/EOSRD. 8 Twenty-five causative genes have been identified to date, accounting for 70% to 80% of all LCA/EOSRD cases. CEP290 is one of the most common causes, accounting for 15% to 20% of all known cases. 9 The intronic variant c.2991þ1655A>G is the most common pathogenic mutation, especially in Europe and the United States, 7 identified in 77% of all patients in 1 cohort with CEP290-related disease.
10
CEP290 encodes a protein that localizes to the transition zone of the connecting cilium, including the cilia of photoreceptors 11 ; Leber congenital amaurosis-CEP290 is one of an increasing number of retinal dystrophies that can be classified as a ciliopathy. 9, 12 In addition to isolated LCA/ EOSRD, CEP290 mutations also have been identified in BardeteBiedl syndrome, SenioreLoken syndrome, Joubert Despite the fact that a missense mutation may be assigned a Grantham score, these mutations result in frameshifts that truncated the CEP290 protein, thus rendering the gene product functionless.
syndrome, and MeckeleGruber syndrome. 7 No definitive genotype-phenotype correlation has been established for isolated ocular versus syndromic CEP290-associated disease. 3, 13 Since the development of gene-based therapy for RPE65-associated LCA/EOSRD, there has been considerable interest in novel treatments for other molecular forms of LCA/ EOSRD. 3, 14 Lentiviral vector gene replacement, antisense oligonucleotide, and CRISPR/Cas9-based techniques are all under active investigation as viable interventions in CEP290 LCA/EOSRD. The current study provides a detailed characterization of the clinical phenotype and natural history in a large number of patients with CEP290 LCA/EOSRD seen at a single institution, which will help to provide improved genetic counseling and advice on prognosis, and to assist in the preparation and design of anticipated clinical trials of novel therapies.
Methods

Patient Identification and Assessment
Patients harboring likely disease-causing variants in CEP290 were identified from the Moorfields Eye Hospital Inherited Eye Disease database. Patients were included in this database after obtaining informed consent. This retrospective study adhered to the tenets of the Declaration of Helsinki and was approved by the Moorfields Eye Hospital ethics committee.
Clinical notes, imaging, and electrophysiologic testing were reviewed. Clinical data extracted included visual acuity (VA), subjective and objective refraction, slit-lamp biomicroscopy, and fundoscopy findings. OCT, fundus autofluorescence (FAF) imaging, and color fundus photography were reviewed when available. Fundus photographs were obtained with a TRC-50LA Retinal fundus camera (Topcon, Tokyo, Japan) or Optos wide-field camera (Optos Panoramic 200; Optos PLC., Scotland, UK). Fundus autofluorescence images were obtained with Spectralis HRA OCT (Heidelberg Engineering, Heidelberg, Germany) or Optos widefield camera. Retinal lamination and central retinal thickness were evaluated using the Spectralis HRA OCT (Heidelberg Engineering). Full-field and pattern electroretinogram (PERG) incorporated the International Society for Clinical Electrophysiology of Vision standards, 20, 21 except in young patients who underwent ERG testing with skin electrodes without mydriasis, using a previously reported protocol. 22 
Molecular Diagnosis
The majority of patients were screened using a diagnostic targeted next-generation sequencing panel for retinal dystrophy. Others were ascertained via research-based whole exome sequencing or the Asper microarray chip (Asper, Tartu, Estonia), or in targeted Sanger sequencing of CEP290. All patients with 1 allele identified from the Asper chip were subjected to Sanger sequencing to identify the second allele. Table 1 and Figure 1 detail the molecular findings in our cohort of 40 LCA-CEP290 patients, including 3 families with multiple affected members (patients 5a to 5e, 22a and 22b, and 31a to 31c), with the remaining patients being simplex cases. Grantham score is provided when appropriate. 23 The majority of patients had 2 CEP290 variants identified (n ¼ 36, 90%), with the rest having 1 mutation identified to date (n ¼ 4, 10%). The deep intronic mutation c.2991þ1655A>G was the most common mutation (23/40 patients; 57.5%), identified in the compound heterozygous state in 20 patients (50%) and homozygous in 2 patients (5%). The effects of the CEP290 mutations identified in our cohort are summarized in Table 2 . The majority (75%) of variants encoded for premature stop codons, which would lead to protein truncation and dysfunction due to the loss of critical CEP290 functional domains. 11 More important, premature stop codons result in nonsense-mediated decay, which would remove these aberrant transcripts, thus significantly decreasing the steadystate of CEP290 mRNA levels. 24 Conversely, only 12.5% of variants result in missense amino acid substitutions, namely, p.(His50Tyr) (a positive to a neutral charge), p.(Glu994Lys) (a negative to a positive charge), and p.(Arg1926Pro) (a positive to a neutral charge). Given that all 3 substitutions constitute changes in the net charge of the amino acid side changes, they are likely to induce significant effects on CEP290 function.
Results
Molecular Genetics
Clinical Findings
Findings are summarized in Tables 3e6 and Figures (Table 5 ), 4 (33%) had worsening of their VA over time. Two patients (17%) had visual deterioration in both eyes, 1 deteriorated from 6/18 right and 6/12 left to 6/36 in both eyes between 35 and 50 years of age, and 1 deteriorated from 6/30 to 2/60 in both eyes between 3 and 7 years of age. Two patients had deterioration in vision in the worst seeing eye only, 1 from 6/36 to 6/150 between 25 and 42 years of age, whereas the best-seeing eye was maintained at 6/30, and the other went from perception of light in both eyes to no perception of light in 1 eye. There were no patients with light perception or better VA at presentation, who subsequently progressed to no light perception in both eyes during follow-up assessment. Patients harboring 1 or more missense mutations or in-frame deletions had a final VA of 1/60 or better compared with those with 2 nonsense mutations who had a worse VA (75% vs. 26%) ( Table 6) .
Of the 25 patients in whom refraction data were available, 19 (76%) were hyperopic, and only 1 (4%) was myopic. The remaining 5 patients did not have a significant refractive error.
Typical fundus images are shown in Figures 2 and 3 . A normal fundus examination was observed in 43% (n ¼ 17) of patients, 17% (n ¼ 7) had white flecks in the periphery, and peripheral pigmentary changes were seen in 40% (n ¼ 16) (Table 4) . On the basis of the last recorded fundus examination findings, those with normal fundi (mean, 1.9 years; range, 0e21 years; standard deviation [SD], 5 years) tended to be the youngest, followed by those with white flecks (mean, 5.9 years; range, 2e13 years; SD, 4.3 years) and those with pigmentary retinopathy (mean, 19.7 years; range, 1e54 years; SD, 14.6 years), suggesting the evolution of the retinal phenotype from normal or fleck retinopathy to pigmentary retinopathy over time. However, longitudinal data were not available to show the sequential changes in retinal phenotype over time in the same patient. Figure 3 shows the progressive increase in pigment in the peripheral retina over 4 years in an 18-year-old patient.
A nonocular condition was present in 25% of patients. The most common association was a delay in development or autism (15%). Joubert syndrome and renal disease were uncommon, with only 1 patient (3%) with each condition in our cohort. This may represent an ascertainment bias because patients were recruited from a stand-alone eye hospital. All patients with nonocular condition have 2 nonsense CEP290 mutations.
Retinal Imaging
Thirteen patients (31%) had OCT and FAF imaging with the Spectralis imaging system. On FAF imaging, 10 of 12 patients (83%) had a perifoveal hyperautofluorescent ring, with peripheral loss of FAF (Fig 4) . The remaining 2 patients (17%) had parafoveal and peripheral loss of FAF, with preservation of FAF at the fovea (Fig 5) .
Eleven of 12 patients (92%) had relative preservation of foveal architecture, with a loss of peripheral macular outer retinal structure on OCT imaging (Figs 5 and 6 ). The remaining subject had total loss of the outer retina. Eight patients had serial OCT imaging, with 2 patients showing evidence of progressive loss of the inner segment ellipsoid line over time (Figs 5 and 6 ). The youngest patient in the series, patient 33 (22 months old) had handheld Bioptigen (Morrisville, NC) OCT imaging that revealed relatively intact outer retinal structure (Fig 7) .
Electrophysiologic Assessment
All young patients tested with skin electrodes and 2 adult patients (27 and 30 years of age) tested with corneal electrodes had undetectable photopic and scotopic ERGs in keeping with a severe photoreceptor dystrophy. One other adult patient had undetectable photopic (light adaptation 3.0 and 30 Hz) ERGs and grossly abnormal scotopic (dark adaptation 0.01 and 10.0) ERGs at the age of 34 years that worsened over the following 11 years, consistent with a progressive cone-rod dystrophy. In 1 adult, the PERG was technically poor because of nystagmus, but in 2 others who underwent testing (1 adult and 1 child aged 20 months), the PERG was undetectable in keeping with severe macular involvement.
Discussion
Mutations in CEP290 account for 15% to 20% of all cases of LCA/EOSRD. 9 In this study, we describe a large group of patients who have undergone detailed clinical phenotyping at a single institution. The majority of patients in this cohort had severe visual loss at baseline, and in those with longitudinal data, many did not show deterioration in their VA. Hyperopia was the most common refractive error, and this is consistent with other forms of LCA. 25 The retinal appearance was variable, with younger subjects being more likely to have a normal fundus appearance or peripheral white flecks without pigmentation. Older patients commonly showed evidence of peripheral retinal pigment migration. This variation with age has been reported in other studies 7, 9, 10, 26 and suggests that, in contrast to the relatively stable central retinal function, there may be progressive peripheral photoreceptor cell death.
Despite a profoundly abnormal or extinguished ERG indicating severe global impairment of outer retinal function, we found that the outer retinal structure (inner segment ellipsoid and outer nuclear layers) at the fovea on OCT appeared to be relatively well preserved. This is consistent with findings in other studies. 7, 27, 28 In particular, a recent study reported the presence of central photoreceptors in a cohort of patients with CEP290 LCA, similar to our findings. 28 The same study also showed a loss of rod function in these patients, which agrees with our ERG findings. 28 This leads to optimism that restoration of cone function may be possible using gene therapy-based approaches. 29 Such potential therapeutic approaches have been explored in vitro with a lentiviral vector containing human CEP290 and has been shown to effectively transduce patient-specific induced pluripotent stem cell-derived photoreceptor precursor cells and rescue the cellular phenotype. 17 Other studies have focused on the common deep intronic CEP290 mutation, which creates a viable cryptic splice donor site that leads to the insertion of an additional exon that includes a sequence that encodes for a premature stop codon. These approaches have included the use of antisense oligonucleotide-mediated exon skipping to abrogate the disease-causing variant or correction of the splice defect using CRISPR/Cas9-mediated gene editing. 15, 18, 19 Both of these novel approaches show great promise and human clinical trials are anticipated in the near future.
There are several potential challenges in the design of therapeutic trials for CEP290 LCA, including eligibility criteria and outcome measures. Visual acuity will likely be insensitive partly because of the often poor VA at baseline. An improvement in ocular motor control and in the ability to navigate a standardized and validated mobility course may be useful functional measures. A global measure of light sensitivity, such as the full-field light sensitivity threshold test, which has been developed for patients with very poor vision, also may be valuable. Pupillometry may be informative, whereas electrophysiologic assessment is unlikely to be adequately sensitive, with additional reliability/feasibility challenges due to nystagmus. Spectral domain OCT will be valuable in determining any changes in foveal structure, although image acquisition may be challenging given poor fixation/nystagmus.
In patients with the milder form of LCA/EOSRD, caused by mutations in RPE65, gene therapy results in an improvement in visual function, potentially to a greater extent in younger patients. 30 However, LCA-CEP290 is associated with far more profound visual impairment at an earlier age (from birth/early infancy) compared with RPE65 deficiency; therefore, visual cortical plasticity may be a more significant limitation to treatment response. Novel therapies may need to be given in infancy in most subjects to achieve the best visual outcome.
The majority of patients in our cohort had ocular involvement only. Joubert syndrome was diagnosed in 1 patient, and 1 patient had renal failure. Neurologic disorders (seizures and microcephaly), developmental delay, and autism were the most common nonocular features found in this cohort. The fact that the subjects were recruited from an eye hospital, and visual loss was the predominant early symptom, may have led to some ascertainment basis.
The deep intronic mutation, c.2991þ1655A>G, was the most common variant in our cohort, with 55% of patients harboring it in the heterozygous or homozygous state, which is consistent with previous reports. 7 Of note, missense variants were rare. A review of all CEP290 mutations reported as "pathogenic" or "likely pathogenic" on the ClinVar database showed that only 2 of 89 such mutations were missense mutations. 31 There were no missense variants in another large cohort. 7 This suggests that missense variants are well tolerated and do not sufficiently abrogate CEP290 protein structure or function, or that the reported missense variants in LCA-CEP290 may functionally act like null alleles. A study on the effect of CEP290 in vitro showed that full-length CEP290 protein exhibited attenuated activity when compared with truncation mutants lacking the N or C terminus, suggesting the N and C terminus of the CEP290 protein have a regulatory effect to explain the pathogenic effect of nonsense mutations. 32 Consistent with this, in our study, patients with 2 nonsense CEP290 mutations had a worse final VA. Furthermore, all patients with systemic features had 2 nonsense CEP290 mutations in our cohort. Early molecular diagnosis of CEP290-related retinal dystrophy is critically important, because this allows the provision of better informed advice on prognosis and will prompt further investigation to rule out associated systemic disease. Furthermore, novel therapies for LCA-CEP290 are under development and clinical trials are anticipated in the near future. Our study provides key information about the clinical phenotype and natural history of LCA-CEP290, which will help inform patient selection and study design for such trials. 
